Elemental boron was isolated in 1808. It typically occurs in nature as borates hydrated with varying amounts of water. Important compounds are boric acid and borax. Boron compounds are also used in the production of metals, enamels, and glasses. In trace amounts, boron is essential for the growth of many plants, and is found in animal and human tissues at low concentrations. Poisoning in humans has been reported as the result of accidental ingestion or use of large amounts in the treatment of burns. Boron as boric acid is fairly rapidly absorbed and excreted from the body via urine. The half-life of boric acid in humans is on the order of 1 day. Boron does not appear to accumulate in soft tissues of animals, but does accumulate in bone. Normal levels of boron in soft tissues, urine, and blood generally range from less than 0.05 ppm to no more than 10 ppm. In poisoning incidents, the amount of boric acid in brain and liver tissue has been reported to be as high as 2000 ppm. Recent studies at the National Institute of Environmental Health Sciences have indicated that boron may contribute to reduced fertility in male rodents fed 9000 ppm of boric acid in feed. Within a few days, boron levels in blood and most soft tissues quickly reached a plateau of about 15 ppm. Boron in bone did not appear to plateau, reaching 47 ppm after 7 days on the diet. Cessation of exposure to dietary boron resulted in a rapid drop in bone boron. The analytical methodology developed and validated for these tissues consisted of microwave digestion of samples in concentrated nitric acid, followed by inductively coupled argon plasma emission spectroscopy analyses. The recovery of added boron from tissue samples was quantitative. The precision and accuracy were typically better than 6% and 12%, respectively. The method detection limit is typically 0.02 to 0.04 ppm of boron, depending on the sample matrix. -Environ Health Perspect 102 (Suppl 7): 113-117 (1994) 
Introduction
Compounds of boron have been used for a variety of applications for thousands of years. The ancient Greeks and Romans used borates as a cleaning agent. The first recorded internal use of boron compounds as a medication was by Arabian physicians in 875 AD (1) . Boric acid was made from borax in 1702, and the chemical nature of borax was described in 1732 (2) . Elemental boron was isolated and identified independently by Gay-Lussac and Sir Humphry Davey in 1808 by heating boron oxide with potassium metal. The pure crystalline material is black and lustrous. Pure boron is very hard and brittle and is a semiconductor. The elemental abundance in the earth's crust is about 0.001% or 10 ppm, occurring as borax, kernite, tincalconite, colemanite, tourmaline, and sassolite. China and Persia were the European suppliers of Tincal and Tankar prior to 1776. Later, a purer supply of Tuscany acid was imported from Italy and was the main source of borax until the mid-19th century, when borax was discovered in southern California.
Elemental boron is used to increase the hardenability of steel. It is used in nonferrous metals as a deoxidizer and a degasifier to refine the grain of poured metal. Small amounts of boron are added to silicon and germanium to enhance the control of conductance in semiconductors. For a number of years, boron was used as a food preservative in Europe and Asia. Borax and boric acid are used in making special glass and ceramics, disinfectants, washing powders, fireproofing for wood and fabrics, and in the manufacture of abrasives and rocket fuels.
Plants were first found to contain boron in 1857 by Wittstein and Apoiger (3) . Since then it has been well recognized that boron, at about 0.5 ppm, is an essential element for normal plant growth. No other trace element can take the place of boron as a required plant nutrient. Large quantities of boron, however, can be toxic to plants. In Abou-Shakra et al. (17) analyzed blood, urine, hair, and nails of 50 normal humans for boron content. The median and range of boron levels found in these tissues are shown in Table 3 . Woittiez and Iyengar (18) reported that the mean level of boron in whole blood was 0.031 ppm ± 0.006, and in serum was 0.022 ppm ± 0.005 (in normal humans). These data were based on recent literature values compiled by the authors in an effort to establish reference values.
Vigier (19) , in 1883 noted that boric acid could be detected in the urine within 2 hr and as long as 24 hr after ingestion of a single dose of 2.5 g of boric acid. In addition, he reported traces of boron in the saliva.
In the early years of this century, Wiley (20) performed a series of experiments with human volunteers, to study the excretion of borax and boric acid from the body. Several young men were given 100 to 150 g of boric acid or borax by mouth. Wiley was able to account for 77 to about 83% of the administered boron compounds in the urine. In subsequent similar experiments, perspiration was found to contain about 1.5% of a 1-to 3-g dose of boric acid. About 1% of a 3-g dose could be accounted for in the feces, and 10 to 285 ppm was detected in human breast milk after administration of 1 to 13 g of boric acid.
Today it is generally accepted that boric acid is absorbed very little through healthy, intact skin. However, significant quantities of boric acid can be absorbed through burned or abraded skin. In 1928, Kahlenberg and Barwasser (21) reported that boric acid was rapidly absorbed through healthy skin and appeared at ppm concentrations in the urine within a few minutes of exposure. This work was widely disputed in the subsequent literature and has gained little credibility.
There have been a few incidents of fatal poisoning as a result of ingestion of large quantities of boron compounds. One such tragedy was reported by McNally and Rust (22) (24) who also studied (Table 4) . Boron was rapidly eliminated in the urine of these mice. About half of the administered boron was excreted within about an hour, for both dosage levels.
Astier et al. (27) reported blood plasma levels and cumulative urinary excretion of boron in an individual following an accidental oral ingestion of an unspecified amount of boron. The plasma level was 64 ppm of boron, and 200 mg had been excreted in urine 4 hr after ingestion. Five days later, the plasma concentration had fallen to 4 ppm, and the patient had excreted about 1.5 g of boron. The half-life of boron in this poisoning case was calculated to be about 29 hr, very near the half-life of boron in dogs as reported by Pfeiffer et al. (23) and in humans as reported by Schou et al. (25) . (Figure 1 ). Five ml of concentrated nitric acid was added to the container; the cap was tightened, and the container was loaded into a 12-position carousel and placed into the microwave oven. The samples were heated with 600 W of power for about half of a 12.5-min program. The samples were allowed to cool to room temperature, the digestion containers opened, and 0.75 ml of 30% hydrogen peroxide was added. The containers were recapped and heated again as before. The samples were removed from the oven, allowed to cool and filtered through Whatman 541 filter paper, and diluted to 15 ml with deionized water. Each sample, blank, method blank, and quality control sample was treated in the same manner.
A 6-point calibration curve was developed from a certified boron Theoreical Concentration (ug/gm) Figure 2 . Boron-spiked testis standards.
Volume 102, Supplement 7, November 1994 (Table 5 ). The recovery of boron from spiked samples was between 98 and 101%. The correlation coefficient of boron added, compared to boron recovered was 0.997 or better for all six tissue types. A plot of added versus recovered boron for testis is shown in Figure 2 . All of the data for the validation of the method for testis are presented in Table 6 . For this tissue, the recovery of boron ranged from about 94 to 110%. As would be expected, the recovery of boron and the precision of the analyses are poorest at the low spiking level and better at the highest concentrations.
In a separate study, seven method spikes were prepared by adding 0.2 pg of boron to the reagents used for sample preparation of 5-g urine samples. These method spikes were carried through the microwave digestion process, filtered, and diluted to a final volume of 15 ml. At this dilution, the concentration of boron was 0.013 ppm in the final digestate. For a sample size of 5 g this would correspond to a sample concentration of 0.04 ppm. The average measured boron concentration for the seven method spikes was 0.0409 ppm with a standard deviation of 0.0004 ppm (1% relative standard deviation).
Results and Discussion
Using the analytical method as described above, several hundred rat tissue samples from two studies (28, 29) , were analyzed for boron. A summary of the results of the analyses are presented in Tables 7 and 8 . For both the 7-and 28-day studies, the soft tissues did not appear to accumulate boron at levels substantially above that found in blood. Fat tissue contained significantly less boron that other tissues. This is not surprising since boron is probably in the very polar form of boric acid in the body and thus not likely to accumulate in the nonpolar fat tissue.
The adverse reproductive effects in male rats, and the visible testicular lesions, do not appear to be the result of accumulation of very high concentrations of boron in the testis or other reproductive organs. The levels of boron in these tissues are no higher than the boron found in blood and the other soft tissues of the exposed animals.
Bone contained the highest level of boron of any tissue. After only 1 day on the diet, the boron content of bone increased 20-fold. After 1 week, the boron level in bone had increased to nearly 50 ppm. The boron concentration in bone decreased rapidly when the rats were removed from the 9000-ppm boric acid diet, and placed on a "clean" diet. After 9 weeks on the "clean" diet, the bone boron was substantially reduced and continued to drop slowly over the next 5 months. At this point, the boron in bone of exposed animals was reduced to within about three times the level in control animals, but never returned to preexposure concentrations.
Limited information concerning the distribution of boron in blood was determined during the course of the 28 day feeding study. It appears that most of the blood boron is associated with the plasma fraction of rat blood (Table 8) . At 28 days on the diet, essentially all of the boron appears to be associated with plasma.
Extrapolation of toxicity data from animals to humans is best accomplished with knowledge about dosimetry at sites of toxicologic importance. Even though this information is available for rats (30) , similar data are not available in humans. Bloodlevel data are often used as a surrogate for target-site tissue concentrations, but the relative importance of mean concentration in blood versus peak blood concentrations, and the impact of mode of exposure, vehicle, duration of exposure, and chemical form(s) of boron, make it difficult to extrapolate between species based on literature data. Exposure (via inhalation, ingestion, or skin) is also an uncertain basis for predicting relative toxicity because of possible differences in absorption, distribution, metabolism, and elimination. Thus, additional studies need to be conducted to define, with greater certainty, the proper scaling factors to predict human risk on the basis of animal data. As a default until more data are available, predictions of human risk from measured or estimated levels of exposure must recognize these uncertainties.
Conclusions
Boron is normally found at ppm levels in the foods we eat. Boron is found in human and animal tissues and fluids at ppm concentrations. Ingested boron is rapidly absorbed and excreted in the urine. The urine is the major route of excretion of boron.
The element does not appear to accumulate significantly in soft tissues. The adverse testicular effects and the reduced reproductive capability in male rats does not seem to be due to the preferential accumulation of boron in the testis or other reproductive organs. These organs appear to contain about the same concentration of boron as the other soft tissues.
Boron tends to accumulate in bone at levels far above those in blood and soft tissues of rats fed a diet containing boric acid. After cessation of exposure to boron in the diet, bone boron concentrations drop rapidly over a period of several months, returning to a concentration about three times that of control animals.
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